Recently, we have completed the development of an
Introduction
Previous efforts at PSI demonstrated PLIF imaging of
To address the demand for increased performance 10 atm in spray flames of heptane, methanol, and and reduced emissions from gas-turbine engines, a ethanol fuels. That work established the quantitative detailed understanding of turbulent combustion extension of linear fluorescence models to high-pressure processes in high-pressure spray flames is essential. environments and exposed interference issues associated Laser diagnostics provide spatially and temporally with PLIF imaging in high-pressure spray flames. Howresolved measurements in reacting flows and have been ever, earlier efforts at PSI were conducted in a comused extensively in atmospheric pressure flames with bustor facility that did not adequately represent the comgaseous fuels. However, the extension of laser-based bustion environment of a gas-turbine combustor. The techniques to practical combustion systems presents a focus of the present work is the demonstration of PLIF significant challenge. The combustion environment in measurements in a more realistic model gas-turbine gas-turbine engines is characterized by elevated combustor. pressures, high thermal loads, liquid-fuel sprays, and the presence of hydrocarbon intermediates. Each of these Optically-Accessible Combustor elements poses a unique challenge for the application of laser diagnostics to gas-turbine engines. At PSI, we are An optically-accessible combustor for PLIF measinvestigating strategies for overcoming these difficulties.
urements has been constructed to accept commercial-__________ style gas-turbine fuel injectors and to operate at pres-*Principal Scientist sures up to 50 atm. air storage system does not afford large amounts of bypass air to be devoted to cooling of combustor components. In the present work, the combustor is operated at pressures up to 20 atm with a maximum mass flow rate of 0.4 kg/s. The inlet air is preheated to temperatures ranging from 400 K and 550 K.
The layout of the combustor facility and a sectional view of the combustor assembly are shown in Fig. 1 and Fig. 2, respectively. Figure 3 is a photograph of the combustor with the air inlet piping on the left and the exhaust duct on the right. The combustor assembly consists of four main components: 1) pressure vessel with inlet and exhaust flanges, 2) fuel injector support and liner system, 3) water-cooled exhaust orifice and 4) water-cooled exhaust test section.
The air supply system includes a 9500 scf storage vessel, which can be pressurized to 2500 psi, and a 250 kW electric heater for preheating the inlet air. The flow axis of the combustor is oriented horizontally. The preheated air stream, which is metered by a choked orifice plate, enters the facility through the inlet flange assembly. The air is directed into a plenum region, which is formed by the fuel-injector support. For the present experiments, a GE CFM56 fuel injector from a gas-turbine engine is installed in the combustor. Fuel is supplied to the injector by a 3-mm diameter tube, which is fed through the inlet flange. A positive displacement pump capable of delivering 0.5 gpm at 1500 psi is used to pressurize the fuel stream. A hydraulic accumulator is positioned downstream of the pump to suppress pressure oscillations.
The combustion gases are contained by a ceramic liner, which protects the pressure vessel from the heat load of the flame. Within the ceramic liner, 0.5-cm thick windows provide optical access to the combusting flow without having to support the full pressure load of the combustor gases. The fuel injector and liner assemblies are housed within an uncooled pressure vessel constructed from large-diameter, stainless-steel pipe. Windows aligned with the interior optical access ports are mounted to the outside of the pressure vessel. These 2.5-cm thick exterior windows support the pressure load without experiencing the high-temperature combustion gases. The region between the liner and pressure vessel is purged with a nitrogen flow. Downstream of the imaging region, the flow is diluted with excess preheat air and accelerated through a watercooled exhaust nozzle. After exiting the pressurized section of the combustor, the combustion products pass through a water-cooled exhaust test section equipped with ports for extractive sampling and optical diagnostics. The flow then exits the facility through a droplets and the gas-phase temperature were performed large-diameter cooled exhaust duct.
in atmospheric pressure flames. The flame zone is an A schematic diagram of the GE CFM56 fuel interior and exterior of the cone. Optical access to the injector is shown in Fig. 4 . The pressurized fuel stream combustor is designed such that imaging diagnostics can is delivered to the simplex atomizer. As the fuel spray be performed over a wide portion of the flame zone. flows from the atomizer, it encounters a swirling air flow and impinges onto a liquid filming surface. Subse-PLIF System quently, a second, counter-swirling, air flow produces secondary atomization, and the fuel spray issues from a A schematic of the laser system is shown in Fig. 6 . conical sleeve where the flame is stabilized. Figure 5 The second harmonic (532 nm) of a Nd:YAG laser shows a time-averaged image of luminosity from a Jet-A (Spectra Physics GCR-190-10) is used to pump a dye flame. The conical sleeve is visible at the base of the laser (Lumonics Hd-300B). The output from the dye flame zone. In a previous study of this injector, measurelaser is doubled to obtain a tunable UV laser beam for ments of the velocity and size distribution of fuel exciting laser-induced fluorescence. The dye laser is 9 inverted hollow cone with recirculation zones on the configured with Rhodamine 590 dye and a Bethune-cell amplifier, which provides a circular beam profile. Turning prisms relay the UV beam to the combustor facility, where the beam is expanded and formed into a sheet. The laser sheet enters the combustor through the top window and illuminates a planar region intersecting the axis of the fuel injector. The laser energy in the combustor is 3 mJ/pulse. The laser wavelength is tuned to excite (1,0) band transitions in the (A-X) system of OH, and the OH fluorescence emission from the (0,0) and (1,1) bands is detected through the side window with an intensified charge-coupled device (ICCD) camera (Princeton Instruments). Figure 7 shows a schematic of the imaging system and burner as seen from above. The imaging optics consist of a quartz camera lens (105 mm Nikon, f/4.5) and optical filters for discriminating the OH fluorescence from elastic scattering. To further reduce background signal, the image intensifier is gated for a short period (200 ns in Flames A and B, 50 ns in Flames C-L) bracketing the laser pulse. A magnification of 0.27 is used, so that an area of 10 x 2.5 cm is imaged shape. This result arises from the cancellation of the OH PLIF in Heptane Spray Flames the fluorescence yield. As the pressure increases, the
In heptane spray flames, OH PLIF images are broadening of the absorption line shape. At elevated obtained at the three different operating conditions given pressures, the excitation efficiency and consequently the in Table 1 . The combustor pressure is measured with a fluorescence signal is thus reduced. pressure transducer, and the inlet air temperature is monitored with a thermocouple. The overall equivaIn each of the OH PLIF images, the signal on the lence ratio (1 ) is determined using the total flow right side is weaker than that on the left. This difference overall rates of fuel and air, including dilution air. is caused by the combined effect of laser-beam attenu- for Flame C. The imaging optics include two color glass filters (3-mm WG305 and UG11), which transmit the OH fluorescence and block elastic scattering. The highly turbulent nature of these flames is apparent from the convoluted structures in the OH PLIF images. In each of the three flames, we observe isolated pockets containing no OH signal. Near the edges of the flame zone, the entrainment of the surrounding gases is apparent. On the lower left side of Fig. 8a , the flame zone appears to be connected only by a narrow strip, which is located on the interior side of the hollow cone. In the upper left region of Fig. 8c , the OH image indicates that the flame is pinching off.
As the combustor pressure increases in Flames A to C, the signal/noise ratio decreases, and the signal from the right half of the burner becomes significantly weaker than that of the left side. Both of these trends are consistent with previous PLIF experiments in high-pressure heptane spray flames. In that work, it is demonstrated 6 that the pressure dependence of the OH fluorescence pressure dependence of the absorber number density and overlap integral decreases as a result of collisional ation and flame asymmetries. Laser-beam attenuation sures up to 5 atm. In that work, the magnitude of the 6 attenuation was much greater than in the present experiments. The source of absorption is not entirely clear at this point. If fuel vapor or fuel droplets were the cause, we would expect significantly greater attenuation near the swirl cup. However, we do not consistently observe increased absorption at the base of the flame zone.
An important difference between the present combustor facility and that used in previous efforts at PSI is the addition of the preheated air supply and a production-style fuel injector. In the earlier combustor, which was used in the above referenced work, the fuel spray issued from a simplex atomizer into coflowing air. The lack of preheated air and the poor fuel-air Min.
Max. propagates through the flame, its spatial profile is altered Table 2 Table 2 . The combustor pressure ranges from 3.1 to 20 atm at an overall equivalence ratio of approximately 0.4. For the 10 atm case, the overall equivalence ratio is varied from 0.4 to 1.0. To maintain sufficient vaporization of the Jet-A fuel, the air preheat temperature is increased above that used for the heptane flames. In all of the Jet-A flames, the OH fluorescence is excited by tuning the laser to the Q (8) transition (=283.55 nm). Scattering 1 from fuel droplets is a more significant problem than in the heptane flames. To eliminate interference from the droplets, the detection optics include a narrow the same overall equivalence ratio. The images in of burning gases extends to the right into the recircuFigs. 9a-f are displayed in order of increasing pressure lation zone. A similar lack of OH signal in the upper from 3 atm to 20 atm. At 3 atm (Fig. 9a) , the OH image right portion of the flame zone is observed at a slightly shows two curled strips of burning gases extending into higher pressure of 6.7 atm (Fig. 9c) . On the left side of the exterior recirculation region to the left of the flame Fig. 9c , the flame zone contains two large-scale zone. As these structures rotate and travel downstream, structures separated by a thin strip. These structures are they entrain gases from the recirulation zone. In Fig. 9b out the imaged region. However, at 16 atm (Fig. 9e) , a Flame G to Flame L is significantly greater than the 4-mm horizontal gap in the OH PLIF signal indicates a prediction. This excessive absorption may be caused by discontinuous flame zone.
either the presence of hydrocarbon intermediates or an
As the pressure is increased from 10 atm to 20 atm In the latter case, the OH mole fraction would have to in Figs. 9d-f, a comparison of the OH PLIF signals on increase by approximately a factor of 3 to account for the left and right sides of each image reveals that laserthe change in laser-attenuation. beam attenuation becomes increasingly significant at elevated pressures. The pressure dependence of laserTo investigate the effects of varying the overall beam absorption is determined by the overlap integral, equivalence ratio, the fuel and air flows were adjusted to which decreases as a function of pressure, and the obtain equivalence ratios ranging from 0.5 to 1.0 while absorber number density, which increases linearly with maintaining a combustor pressure of 10 atm. Figure 10 pressure. For a fixed OH mole fraction and absorption shows samples of OH PLIF images for three different path length, the net result of increasing the pressure is an values of the overall equivalence ratio. The signal on the increase in the laser-beam absorption. Absorption right side of the flame decreases as the overall equivacalculations for typical path lengths observed in the lence ratio is increased. At the highest equivalence ratio, PLIF images predict an 8% increase in laser absorption there is almost no signal detected on the right side, when the pressure changes from 10 atm to 20 atm.
indicating that the laser-beam attenuation increases with However, the observed increase in absorption from the overall equivalence ratio.
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